The crystal structures of seven members of the graftonite-beusite series, ideally (Fe 2+ ,Mn 2+ ,Ca) 3 (PO 4 ) 2 , monoclinic P2 1 /c, a 8. 77-8.81, b 11.43-11.58, c 6.13-6.17 Å, β 99.19-99.32°, V 607.5-617.7 Å 3 , have been refined to R 1 indices of 2.1-3.7% using ~1300-1600 unique observed reflections (|F o | > 5σF) collected using a single-crystal diffractometer equipped with MoKα X-radiation. The crystals used in the collection of the X-ray data were subsequently analyzed with an electron microprobe and the structural and microprobe results were used to assign site populations. The refined site-scattering values and linear variation in mean bond-length as a function of aggregate-cation radius indicate that Ca is completely ordered at the M(1) site. Similarly, 
inTrOduCTiOn Graftonite, ideally [Fe 2+ 3 (PO 4 ) 2 ], was described by Penfield (1900) from a granitic pegmatite in New Hampshire. Beusite, ideally [Mn 2+ 3 (PO 4 ) 2 ], was first noted by Beus (1950) and Brooks & Shipway (1960) as a graftonite-like mineral with Mn 2+ dominant over Fe 2+ , and was formally described as a distinct species from the pegmatites of the San Luis area, Argentina, by Hurlbut & Aristarain (1968) . Both minerals form a solid-solution series and occur commonly as late-stage accessory minerals in complex granitic pegmatites (e.g., Fransolet 1977 , Fransolet et al. 1986 , Lahti 1981 , Černý et al. 1998 , Smeds et al. 1998 , Pieczka 2007 , Guastoni et al. 2007 , Vignola et al. 2008 , Galliski et al. 2009 , Ercit et al. 2010 . These minerals also occur as constituents of phosphate-oxide inclusions in IIIAB iron meteorites (Bild 1974 , Olsen et al. 1999 , and graftonite has been reported as a primary phase in a phosphorous-rich iron formation (Stalder & Rozendaal 2002) .
The graftonite-beusite structure is a dense framework of polyhedra, with extensive edge-and cornersharing (Hawthorne 1998 , Huminicki & Hawthorne 2002 between phosphate tetrahedra and [5]-to [8]-coordinated divalent-metal-oxide polyhedra. The crystal structure of graftonite was solved by Calvo (1968) and beusite by Hurlbut & Aristarain (1968) . The chemical composition of this series may be written as (Fe 2+ ,Mn 2+ ,Ca) 3 (PO 4 ) 2 , and Ca plays an important role in the structure of these minerals. In this structure, there are three distinct divalent-metal sites: M(1), M(2), and M(3) . Calvo (1968) described the coordination of these sites as [7] , [5] , and [5] , respectively, with Ca preferentially occupying the M(1) site. With decreasing Ca content, it has been suggested that the coordination of the M(1) site tends to decrease from [7] to [6] to [5] (Calvo 1968 , Steele et al. 1991 . The M(2) site has been reported as [5] -coordinated and tends to be Fe 2+ -dominant (Nord & Ericsson 1982) ; M(3) has been described as both [5]-and [6] -coordinated, and tends to be Mn 2+ -dominant. reported speeds varying between 2.0 and 29.3°2θ/min. Intensities were corrected for Lorentz, polarization and background effects, and reduced to structure factors; the numbers of observed reflections (|F o | ≥ 5σF) are reported in Table 2 . Subsequent to the diffraction experiment, the crystals used for collection of the X-ray intensity data were analyzed with a Cameca SX-50 electron microprobe according to the procedure of Hawthorne et al. (1993) . Eight to ten points (depending on crystal size) were acquired (20 µm beam-size) uniformly across each sample; the results are reported in Table 3 , together with the unit formulae calculated on the basis of 8 O apfu (atoms per formula unit).
STruCTure reFinemenT
All calculations were done with the SHELXTL PC (Plus) system of programs; R indices are expressed as percentages. In the refinement of the site-scattering values, Ca and Mn were assigned to the M(1) site, Fe was assigned to the M(2) site, and Mn was assigned to the M(3) site. The relative occupancies of Ca and a Ca-rich beusite where Ca dominates the M(1) site. The coordinations of the divalent cations in the graftonitebeusite minerals are unusual in that they show a wide range of M-O bond-lengths that make the actual coordination numbers difficult to determine uniquely. Here, we report detailed crystallographic results for seven samples with varying chemical composition to study the cation order and variation of the coordination at each of the M(1), M(2), and M(3) sites.
experimenTAl
The provenance of all samples used in the present work is given in Table 1 . Fragments from all seven samples were rounded with an air-driven crystal grinder, attached to glass fibers, and mounted on a Bruker P4 automated four-circle diffractometer equipped with MoKα X-radiation. Fifty reflections over the range 15 ≤ 2θ ≤ 40° were centered, and the unit-cell parameters (Table 2) were refined by least squares from the resultant setting angles. Intensities were measured from 4 to 60°2θ (13 ≤ h ≤ 13, 0 ≤ k ≤ 13, 0 ≤ l ≤ 13) with scan Mn were refined at M(1) and the occupancies of Fe and Mn were refined at M(2) and M(3), respectively. Refinement converged to R indices of 2.1-3.7% for a model with anisotropic-displacement parameters for all atoms and using ionic scattering factors for all atoms except P. Final atom positions and displacement parameters are given in Table 4 , selected interatomic distances are listed in Table 5 , and refined site-scattering values (Hawthorne et al. 1995) are given in Table 6 . A bond-valence table for crystal B1 is given in Table 7 , calculated with the parameters of Brown & Altermatt (1985) . Observed and calculated structure-factors are available from the Depository of Unpublished Data, on the MAC website [document CM_653].
SiTe pOpulATiOnS
There are four scattering species, Mg, Ca, Mn, and Fe, to be distributed over three M-sites. This cannot be done unambiguously from the refined site-scattering values (Hawthorne 1983 ) and we must also appeal to criteria involving mean bond-lengths and constituent cation radii, which in turn are a function of cation coordination number. However, for the graftonitebeusite minerals, the coordination numbers of the M sites are somewhat uncertain (Calvo 1968 , Steele et al. 1991 , and using the valence-sum rule (Brown 2002 , Hawthorne & Schindler 2008 ) requires knowledge of the site populations. Therefore deciding on coordination numbers and deriving site populations need to be interactive processes.
Initial assignment of site populations
We will begin this process with the coordination numbers [8], [5], and [6] for the M(1), M(2), and M(3) sites, respectively. The <M(1)-O> distances are much larger than the other <M-O> distances (Table 5) , indicating that Ca occupies the M(1) site, and previous work ) has assigned Ca to M(1). The refinement of several graftonite-beusite structures of different Ca content (Table 3 ) allows us to test this assignment in a more quantitative manner. Calcium is much larger than Mn 2+ , Fe 2+ , and Mg for all coordination numbers [e.g., for [8]-coordination, Ca = 1.12, Mn 2+ = 0.96, Fe 2+ = 0.92, and Mg = 0.89 Å (Shannon 1976)] , and if Ca is ordered at M(1), there should be a positive correlation between the Ca content of the structure and the <M(1)-O> distance. As shown in Figure 1 , this is the case: the data of the present work lie on a straight line between the data of Steele et al. (1991) with Ca = 0.00 apfu, and that of with Ca = 0.98 apfu.
Thus all Ca was assigned to M(1).
The site-scattering values at the M(3) site are ~25 epfu (Table 6 ), indicating occupancy of M(3) by Mn and Fe only, whereas the site-scattering values at the M(2) site range from 23.4 to 25.8 epfu; as Mg is the only remaining scattering species with a scattering factor < 25 e, Mg must occur at the M(2) site. Accordingly, the refined site-scattering at the M(2) site decreases with increasing Mg content in the crystal (Fig. 2) . There is considerable scatter in this plot, but this presumably arises from variations in Mn versus Fe content as the (1) 162 (1) 159 (2) 173 (2) 183 (2) 166 (3) 172 (3) M (2) 183 (1) 179 (1) 174 (2) 193 (2) 200 (2) 180 (3) 199 (3) M (3) 107 (1) 120 (1) 118 (2) 124 (1) 120 (1) 116 (2) 116 (2) P (1) (2) 93 (2) 90 (2) 102 (2) 103 (2) 105 (3) 98 (3) P (2) (2) 91 (2) 86 (2) 98 (2) 92 (2) 94 (3) 91 (3) O (1) (5) 125 (5) 121 (7) 139 (6) 125 (5) 122 (10) 112 (9) total variation in M(2) site-scattering is only 2.4 e; the magnitude of this possible effect is shown by the shaded band in Figure 2 . (Table 5) indicate that both Mn and Fe must be in the divalent state (in accord with the stoichiometry of the minerals). As Mn (Z = 25) and Fe (Z = 26) scatter X-rays in a very similar manner, we cannot use the refined site-scattering values to assign Mn 2+ and Fe 2+ site populations. However, Mn 2+ (r = 0.83 Å) is larger than Fe 2+ (r = 0.78 Å) (radii from Shannon 1976) , and the <M-O> bond-lengths will give an indication of their relative occupancies, particularly as the amount of Mg at the M(2) site is usually quite small. As a first step, all Mn 2+ was assigned to the M(3) site as the <M(3)-O> distances in all samples (~2.27 Å) are significantly longer than the <M(2)-O> distances (~2.11 Å). As shown in Figure 3 , the resulting variation in mean bond-length as a function of constituent-cation radius is fairly linear for M(1) and M(3), except for sample B4 in the latter. The variation in <M(2)-O> is only ~0.01 Å, and as this is only 3-4 standard deviations of the <M(2)-O> distances, a welldeveloped linear trend is not expected here. The final assigned site populations are listed in Table 6 . 
Thus all Mg was assigned to M(2). This leaves Fe and Mn to be distributed over the M(2) and M(3) sites, which requires that the coordination numbers be known for M(2) and M(3). Examination of this issue (see below) shows that M(2) is [5]-coordinated and M(3) is [6]-coordinated. The appropriate <M(2)-O> and <M(3)-O> distances

Cation-coordination numbers
The coordination numbers for M(1) and M (3) First, we consider the bond-valence sums incident at the M(1) and M(3) sites as a function of cation coordination-number (Fig. 4) . For the M(1) site, the sum is far below agreement with the valence-sum rule (2 vu, valence units) for a coordination number of [5] , and approaches ideality for a coordination number of [8] (Fig. 4a) . For the M(3) site, the sum is far below agreement with the valence-sum rule (2 vu) for a coordination number of [4] , is acceptable for a coordination number of [5] , but approaches ideality for a coordination number of [6] (Fig. 4b) .
Next, we consider the bond-valence incident at the affected anions (Fig. 5) . The bond-valence sums are slightly more in accord with the valence-sum rule for an O(1) coordination of [3] , but the deviations for [4] are also within the normal range for most structures. (2), and M(3) sites in these minerals and note that the final sitepopulations were assigned using these values. graftonite-beusite crystals of the present study and those of Steele et al. (1991) and ; the dashed line is drawn as a guide to the eye. Steele et al. (1991) and ; the shaded area shows the scatter involved in possible variation in Mn (Z = 25) versus Fe (Z = 26). Hurlbut & Aristarain (1968) , Fransolet et al. (1986) , , Staněk (1991) , Černý et al. (1998) , Smeds et al. (1998) , Piezka (2007) (all white circles), (black square), and this study (black circles).
diSCuSSiOn
The complete order of Ca at the M(1) site is not unexpected, considering the large coordination number of [8] and the large <M(1)-O> distance involving this site. This being the case, it raises the issue of other distinct mineral species with this structure type. Complete order of Ca at M(1) produces the potential new species "Ca-graftonite" and "Ca-beusite" (note that we are not suggesting that these names ever be validated, but they are a convenient way of discussing these potential minerals). Figure 6 shows the system Fe 3 (PO 4 ) 2 -Mn 3 (PO 4 ) 2 -CaFe 2 (PO 4 ) 2 -CaMn 2 (PO 4 ) 2 , together with various compositions within this system reported in the literature. First, there are several compositions within the compositional fields of "Ca-graftonite" and "Ca-beusite", indicating that these are potential new mineral species. Second, the synthesis data of Nord (1982) and Nord & Ericsson (1982) suggest a hypothetical limit of Ca incorporation in the graftonite-beusite structure (indicated by the dashed line in Fig. 6 ). However, the data of suggest that this hypothetical limit of Ca incorporation can be exceeded in minerals. These data are not completely conclusive, and some of the Ca measured by electron microprobe analysis could potentially occur in submicroscopic exsolution lamellae or micro-intergrowths of a more Ca-rich phase. However, the data of Figures 3 and 5 show that the <M(1)-O> distance is linear with Ca content, suggesting that all Ca in the analyses of these crystals occurs at the M(1) site. Steele et al. (1991) Table  8 . There are significant deviations at the M(1) and M(2) sites. As these deviations are of opposite sign, they may be reduced by ordering the larger cation at the M(1) site (as is the case in Ca-bearing beusite) and the smaller cation at the M(2) site. Thus assigning only Mn 2+ to M(1) and only Fe 2+ to M(2) produces the incident bond-valences shown in Table 8 and reduces significantly the deviation from the valence-sum rule at the M(1) and M(2) sites; we suggest that such order is present in Ca-free beusite.
Site populations in Ca-free beusite
Cation order in minerals of the graftonite-beusite series
The linearity in mean bond-length as a function of constituent-cation radius and the adherence of incident bond-valence sums to the valence-sum rule indicate that these minerals show the following site-preferences: Ca: M (1) 
